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The CCAAT box is a frequent element of eukaryotic
promoters, and its specific recognition by the
conserved heterotrimeric CCAAT-binding complex
(CBC) constitutes a key step in promoter organization
and regulation of transcription. Here, we report the
crystal structures of the CBC from Aspergillus
nidulans in the absence and in complex with
double-stranded DNA at 1.8 A˚ resolution. The
histone-like subunits HapC and HapE induce nucleo-
some-likeDNAbending by interactingwith the sugar-
phosphate backbone. Minor groove sensing and
widening by subunit HapB tightly anchor the CBC to
theCCAATbox, as shownby structural andbiochem-
ical data. Furthermore, crucial interactionsof theDNA
duplex with subunit HapB provide an explanation for
the sequence specificity of the CBC. The herein-
described mode of transcription factor binding
answers the question of how histone proteins gained
sequence specificity for the CCAAT box.
INTRODUCTION
Eukaryotic gene expression involves a multitude of proteins that
assemble in a defined order at the promoter regions upstream of
the transcription start site (Smale and Kadonaga, 2003). This
nucleation process is triggered by the binding of sequence-
specific transcription factors, such as the TATA-binding protein
(TBP) to so-called cis-regulatory elements (Burley and Roeder,
1996). After association of numerous general factors, the RNA
polymerase II and further regulatory proteins are recruited (Fick-
ett and Hatzigeorgiou, 1997), which together form the basal
transcription complex and initiate gene expression.
Additional regulatory elements upstream of the transcription
start include the CCAAT box. It is found in up to 30% of all eu-
karyotic promoter regions (Bucher, 1990) and is recognized
with high affinity and specificity by the CCAAT-binding complex
(CBC), a heterotrimer that is highly conserved from yeast to man.
Emphasizing its biological relevance, knockout of the CBC is
lethal during early embryonic development, andmutations causeStructure 20, 1757–1severe defects (Bhattacharya et al., 2003; Deng et al., 2007;
Matuoka and Yu Chen, 1999; Yoshioka et al., 2007). Intriguingly,
CCAAT motifs are among the regulatory sequences that are
spared by nucleosomes (Segal et al., 2006), which highlights
the role of the CBC in promoter recognition and organization.
With respect to the high prevalence of the CCAAT box in eukary-
otic genomes, a multitude of genes has been described to be
positively or negatively regulated by the CBC, including prosur-
vival and cell-cycle-promoting genes as well as genes involved
in oxidative stress and metabolism (Bergh et al., 1996; Ceribelli
et al., 2008; Deng et al., 2007; Littlejohn and Hynes, 1992; Litzka
et al., 1996; Steidl et al., 2001).
In all eukaryotes the CBC is assembled of at least three
subunits. Two of these were shown to be structurally related to
the archaeal histone-like protein HMf-2 (Sandman et al., 1990)
and to eukaryotic histones (Romier et al., 2003), whereas the
tertiary structure of the third subunit, which is responsible for
specific recognition of the CCAAT box, has not yet been charac-
terized. Remarkably, due to its strict conservation throughout all
eukaryotes, this subunit can be functionally exchanged between
species (Tu¨ncher et al., 2005).
Several studies have identified interaction partners of the
CBC, including histone acetyltransferases and deacetylases,
which control DNA packaging (Currie, 1998; Jin and Scotto,
1998; Peng and Jahroudi, 2003). In addition both histone-like
subunits were reported to interact with the TBP alone and the
TBP-containing multiprotein transcription factor IID, a compo-
nent of the basal transcriptional complex (Bellorini et al., 1997).
However, despite extensive investigations of the CBC by
biochemical approaches, the molecular basis underlying its
selectivity for the CCAAT sequence has remained rudimentary
until now.
Here, we structurally examine the heterotrimeric CBC from the
filamentous fungus Aspergillus nidulans, which constitutes the
histone-like subunits HapC and HapE as well as the DNA spec-
ificity conferring subunit HapB. The crystal structure of the CBC
bound to the CCAAT box explains its DNA sequence preference.
Crucial interactions of the CBC with the cocrystallized DNA
duplex were deduced from the crystal structure, and their
outstanding importance was proven by biochemical experi-
ments. Together, our results provide insights into the functioning
of the CBC in DNA recognition, promoter organization, and
nucleosome positioning.768, October 10, 2012 ª2012 Elsevier Ltd All rights reserved 1757
Table 1. X-Ray Data Collection and Refinement Statistics for
CBC Structures
CBC CBC:DNA
Crystal Parameters
Space group P212121 P212121
Cell constants a = 57.45 A˚; a = 57.04 A˚;
b = 60.70 A˚; b = 72.89 A˚;
c = 71.99 A˚; c = 145.89 A˚;
Complex/AUa 1 1
Data Collection
Beamline X06SA, SLS X06SA, SLS
Wavelength (A˚) 1.0 1.0
Resolution range (A˚)b 25–1.9 (2.0–1.9) 40–1.8 (1.9–1.8)
No. of observations 160,681 203,198
No. of unique reflectionsc 20,415 54,543
Completeness (%)b 99.9 (100.0) 95.3 (96.8)
Rmerge (%)
b, d 5.7 (33.2) 5.9 (39.5)
I/s (I)b 24.4 (6.2) 11.7 (2.5)
Refinement (REFMAC5)
Resolution range (A˚) 10–1.9 10–1.8
No. of refl. working sets 18,372 49,104
No. of refl. test sets 1,021 2,728
No. of nonhydrogens 1,915 2,192
No. of DNA atoms – 1,025
Solvent (H2O) 90 533
Sulfate (SO4
2) – 2
Rwork/Rfree (%)
e 17.9/20.2 15.7/19.0
Rmsd bond (A˚)/()f 0.006/0.964 0.006/1.093
Average B factor (A˚2) 25.6 34.8
Ramachandran plot (%)g 98.7/1.3/0.0 98.1/1.9/0.0
aAsymmetric unit.
bThe values in parentheses for the resolution range, completeness,
Rmerge, and I/s (I) correspond to the last resolution shell.
cFriedel pairs were treated as identical reflections.
dRmerge(I) = ShklSjjI(hkl)j  I(hkl)j/Shkl Ihkl, where I(hkl)j is the jth measure-
ment of the intensity of reflection hkl, and hI(hkl)i is the average intensity.
eR =ShkljjFobsj  jFcalcjj/ShkljFobsj, where Rfreeis calculated for a randomly
chosen 5% of reflections, which were not used for structure refinement,
and Rwork is calculated for the remaining reflections.
fDeviations from ideal bond lengths/angles.
gNumber of residues in favored allowed outlier regions.
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Structural Basis for CCAAT Box RecognitionRESULTS
Crystallization and Structure Determination of the CBC
The crystal structure of the conserved and functionally active
core CBC from A. nidulans was determined in the absence
and in complex with double-stranded DNA to resolutions of 1.9
and 1.8 A˚, respectively (Table 1). Different DNA duplexes,
containing the CCAAT motif derived from the natural promoter
sequence of cytochrome c (cycA), were screened for their affinity
to the CBC by surface plasmon resonance (SPR) measurements
(Figure 1). DNA fragments of more than 22 base pairs (bp)
displayed a significantly increased affinity (dissociation constant
[KD] = 3.3 nM) to the heterotrimeric protein complex than1758 Structure 20, 1757–1768, October 10, 2012 ª2012 Elsevier Ltdshorter DNA stretches (KD > 7.6 nM; Figure 1). In agreement
with SPR data, isothermal titration calorimetry (ITC) measure-
ments revealed a KD value of 13 nM for the CBC-DNA interaction
(see Figure S1 available online). The association of the CBC with
DNA constitutes an exothermic reaction, which can be fit with a
1:1 binding model. Based on the data obtained from SPR and
ITC experiments, the core of the CBC (Figures S2A–S2C) has
been subjected to crystallization trials in complex with various
23 bp DNA duplexes with different sticky ends. DNA fragments
with two bases overhang on each 50 end yielded high-quality
crystals from which diffraction data were collected (Figure S2D).
The HapB/HapC/HapE crystal structure was solved by Patter-
son search calculations with the coordinates of the histone fold
motifs (HFMs) of the human NF-YA/NF-YB homologs (Protein
Data Bank [PDB] 1N1J; Romier et al., 2003). Several rounds of
model building and refinement yielded an Rfree value of 20.2%
(Table 1), and the coordinates were proven to have good stereo-
chemistry. Structure determination of the CBC:DNA complex
was performed by molecular replacement using the coordinates
of the previously elucidated HapB/HapC/HapE heterotrimer.
Model building and refinement resulted in an excellent Rfree value
of 19.0%and rmsd bond and angle values of 0.006 A˚ and 1.093,
respectively (Table 1).
Structures of the Individual CBC Subunits HapC, HapE,
and HapB in the Presence of DNA
The HFMs of HapC and HapE display a sequence identity of
about 75% to their human homologs of NF-YB and NF-YC,
reflecting their high structural conservation (HapC/NF-YB:
rmsd Ca = 0.92 A˚; HapE/NF-YC: rmsd Ca = 0.57 A˚) (Figures
S2A and S2B). Both HapC and HapE adopt similar tertiary struc-
tures (HapC/HapE: rmsd Ca = 1.34 A˚) including three helices
(a1–a3), which are connected via short-loop segments (L1–L2)
(Figure 2A). Perpendicular to its long axis, helix a2 is flanked
by the shorter helices a1 and a3 (Figure 2B). This fold represents
a hallmark of histone proteins, which assemble into nucleo-
somes and thereby structurally organize DNA packaging (Luger
et al., 1997). In particular, HapC andHapE aremost related to the
histones H2B and H2A, respectively (PDB 1AOI; HapC/H2B:
rmsd Ca = 1.17 A˚; HapE/H2A: rmsd Ca = 1.57 A˚) (Maity and
de Crombrugghe, 1998; Mantovani, 1999) (Figure 2). Apart
from the HFM, HapC and HapE harbor C- and N-terminal exten-
sions that impart interactions with various transcriptional regula-
tors. At their C terminus both HapC andHapE possess a 310 helix
of four turns. Furthermore, HapE comprises an N-terminal exten-
sion, termed aN, which is also part of histone H3, but adopts
a different orientation (Figure 2B).
Whereas HapC and HapE probably evolved from a common
histone ancestor, the third subunit of the CBC, HapB, displays
no apparent similarity to any protein domain structure deter-
mined to date, as deduced from the Dali database (Holm and
Rosenstro¨m, 2010). In complex with DNA the core domain of
HapB, which is to 65% identical to the sequence of its human
counterpart NF-YA, can be subdivided into four major parts:
the N-terminal helix aN (amino acid [aa] residues 240–258); a
linker L (aa residues 259–272); a helix designated sensor aS
(aa residues 273–280); and a C-terminal loop region termed
anchor A (aa residues 281–293) (Figures 2 and S2C). Because
both helices of HapB are not constrained in their orientation toAll rights reserved
Figure 1. Determination of the Minimal DNA Duplex Size for CBC Binding
(A–E andG–K) Real-time in vitro SPR-binding analysis of CBC toDNA containing theCCAAT box at position611 in the 50 upstream region of theA. nidulans cycA
gene. Binding responses of 200, 100, 50, 25, 12.5, 6.25, and 3.13 nM CBC injected in duplicate (black lines) are overlaid with the best fit derived from a 1:1
interaction model including a mass transport term (red lines). (F) Responses of the CBC on a flow cell coated with DNA carrying the indicated mutations of the
CCAAT sequence. (L) On-rate versus off-rate plot based on the kinetic experiments shown in (A)–(E) and (G)–(K) and in Figure 5B. The KD is indicated by the dotted
diagonal lines. Numbers indicate the size of the DNA duplexes. See also Tables S1 and S3B and Figure S1.
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Structural Basis for CCAAT Box Recognitioneach other, HapB adopts a loosely folded structure that essen-
tially requires the HapC/HapE heterodimer as a scaffold to func-
tion as a sequence-specific transcription factor.
Structure of the CBC in the Absence of DNA
Comparable to histones, HapC and HapE associate to a hand-
shake structure. This antiparallel head-to-tail assembly juxta-
poses the L1 loop of HapC and the L2 loop of HapE and vice
versa. Extensive interactions between these loop regions and
the a2 helices of HapC and HapE create a tight complex,
involving more than 30% of the overall surface of each subunit.
The hydrophobic interface contacts of HapC and HapE also
involve the cysteines 74 and 78, which have been previously
shown to be crucial for the overall stability of the CBC and its
redox-regulation (Tho¨n et al., 2010).Structure 20, 1757–1The axis of the pseudo-2-fold rotational symmetry that relates
the HFMs of HapC and HapE is located between their a2 helices.
Parallel to this axis, the HapC/HapE heterodimer is flanked by
the aN helices of HapB and HapE. Although not perfectly
pronounced, both aNhelices follow the pseudo-2-fold symmetry
of the core complex, which might indicate an evolutionary rela-
tionship. The aN helix of HapB interacts with the helices a2
and aC of HapC as well as helix aC of HapE via hydrogen bonds
and salt bridges. These contacts are protein selective because
HapB cannot associate with NC2, a transcriptional repressor
that is structurally closely related to the HapC/HapE heterodimer
(Zemzoumi et al., 1999). Remarkably, the C-terminal part of
HapB (aa residues 259–293), which was shown to be the DNA
sequence specificity-conferring moiety of the CBC (Maity and
de Crombrugghe, 1992; Olesen and Guarente, 1990; Xing768, October 10, 2012 ª2012 Elsevier Ltd All rights reserved 1759
Figure 2. Tertiary Structures of the CBC
Subunits Compared to Histone Proteins
(A) Schematic representation of the domain
architecture of the histones H2A, H2B, H3, and H4
as well as of the CBC subunits HapC, HapE, and
HapB. Histone H2A is colored in black, H2B in dark
gray, H3 in gray, and H4 in light gray. HapC is
colored in blue, HapE in red, and HapB in green.
Secondary structure elements are labeled.
(B) The tertiary structures of HapC, HapE, and
HapB are shown as ribbons individually; super-
imposed structures of HapC, HapE, and histone
proteins are illustrated as coils. Colors are
assigned according to (A).
See also Figure S2.
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Structural Basis for CCAAT Box Recognitionet al., 1993, 1994), is structurally disordered in the absence of
DNA (Figures S2C and S3A).
Structure of the CBC Bound to the CCAAT Box
The CBC alone and in complex with DNA show high structural
similarity (rmsd Ca, 0.216 A˚) to each other, implying that DNA
binding induces no structural rearrangements in the core
complex (Figure S3A). In contrast to the CBC structure, the
CBC:DNA complex also visualizes the C-terminal segment of
HapB (aa residues 259–293) tethered to the CCAAT box (Figures
3A, 3B, S2C, and S3). The CBC-bound DNA double strand of
approximately four turns adopts the structure of a concavely
shaped B helix that covers the subunits HapC and HapE along
their pseudo-2-fold symmetry axis with a bending angle of 73
compared to 0 for ideal B-DNA (Figure 3C). Remarkably, this
curvature resembles DNA bending in nucleosomes (PDB 1AOI)
(Luger et al., 1997) (bending angle, 68; Figure 3C) and highlights
the evolutionary relationship of the CBC to histone proteins
(Liberati et al., 1998). Furthermore, structural superposition of
the DNA fragments bound to the CBC and to the nucleosome
particle depicts that HapB significantly widens the minor
groove of the duplex around the CCAAT box up to 12 A˚ (P-P
distance % 19 A˚) compared to %9 A˚ (P-P distance %15 A˚) for
nucleosomal DNA (see below; Figure 3D).
For a clear description of the protein-DNA contacts, bases
of the Watson strand are consecutively numbered starting with
1 at the 50 end of the CCAAT motif, and bases located upstream
of the CCAAT box are assigned negative numbers (Figures 4A
and S2D). Primed bases on the complementary Crick strand
are numbered according to their binding partner. Interactions
are grouped in four sections and are all illustrated in Figure 4A:
(1) HapC and HapE with the DNA backbone, (2) the linker L of
HapB with the sugar-phosphate backbone, (3) the helix aS of
HapB with the DNA backbone and the DNA bases, and (4) the
anchor A with the DNA backbone and the DNA bases. Within
these groups the description starts at position 1 of the CCAAT
box moving forward to the positions 10 and 2.1760 Structure 20, 1757–1768, October 10, 2012 ª2012 Elsevier Ltd All rights reserved(1) Hydrogen bonds between the
phosphate groups of the DNA
backbone and the protein main-
or side-chain atoms of HapC and
HapE significantly stabilize the
protein:DNA complex and induceDNA bending. Located within the a1 helix, Ile50NH and
Ala51NH as well as Asn52ND2 and Arg55NH1 of HapC
contact the phosphate groups of Thy40 and Ade50,
respectively (Figure 4B). Likewise, Arg91NH1 and
Lys94NZ as well as Leu89NH and Ala90NH of HapE
mediate strong DNA sequence-independent interactions
with phosphate oxygen atoms of Ade9 and Gua10,
respectively (Figure 4C). Moreover, the L1 loop-forming
residues Ile67NH and Lys69NH of HapC as well as
Ile105NH and Ala107NH of HapE are in hydrogen-
bonding distance to the phosphate oxygen atoms of
Ade-1, Gua-2, Cyt140, and Cyt150 (Figure 4A).
(2) Leu269NH and His270NH of the linker region L of HapB
are hydrogen bridged to the phosphate oxygen atoms
of Thy30 and thereby facilitate the insertion of helix aS of
HapB into the minor groove of the DNA.
(3) Sequence-independent interactions of the helix aS with
theDNAbackbone involve His274ND1 and the phosphate
oxygen of Gua20. Additionally, Arg280NH2 as well as
His276NE2 interact with the sugar oxygen of Ade3 and
Ade4, respectively. Further stabilization is provided by
hydrogen bonds between Arg273NH2/NH1 and the
oxygen atom of the ribose moiety of Cyt6 as well as
Ade7. Moreover, Ser272OG is hydrogen bridged to the
phosphate oxygen of Ade7.
Sequence specificity of the CBC for the CCAAT box is
conferred by contacts of helix aS with DNA bases on
both the Watson and the Crick strand. Remarkably, these
interactions exclusively involve the minor groove of DNA
bases (Figure S4). In particular, hydrogen bonds between
Arg280NH1 of HapB and the N3 nitrogen atom of Ade3
and Ade4 determine purine bases in these positions. In
addition the latter is also contactedbyHis276NE2 (Figures
4D and 4F). Adenine bases in position 3 and 4 are impera-
tive because the amine group of guanines would be
opposed by the guanidine group of Arg280 (Figures 4D,
4F, and S4). Furthermore, Arg280NH2 is hydrogen
Figure 3. The CBC Bound to the CCAAT Box
(A) Stereo representation of the ribbon plot of the CBC bound to the CCAAT box. Due to crystal packing the DNA duplexes form a pseudocontinuous fiber with
CBCs bound alternately on the left- and right-hand side. Black dashed arrowsmark the siteswhere twoCCAATbox-containing strands are associated. Colors are
assigned according to Figure 2; DNA is shown in gray as a ball-and-stick model. Carbons in the CCAAT box are highlighted in yellow and those in the
complementary sequence in cyan. Oxygen and nitrogen atoms within the CCAAT motif are colored in red and blue, respectively. For HapC and HapE, only the
DNA-interacting parts are named, whereas for HapB all secondary structure elements are annotated; the N- and C termini of each protein subunit are labeled.
(B) Surface representation of the CBC bound to the CCAAT box in stereo. Surface charge distributions are shown for all three subunits: HapB, HapC, and HapE.
Colors indicate positive and negative electrostatic potentials contoured from 30 kT/e (bright red) to +30 kT/e (bright blue).
(C) Bending of DNA fragments bound to the CBC (left) and to the nucleosome (middle) is schematically depicted and compared to the conformation of an ideal
B-DNA (right). Side (upper panel) and top views (lower panel) on the DNA duplexes are provided.
(D) Structural superposition of the CBC-bound DNA duplex (gray/yellow) with a DNA fragment of the nucleosome complex (purple) graphically illustrates the
enlargement of theminor groove uponCBCbinding (left). A zoom-in into the site ofminor groove binding byHapB is provided on the right. Minor groovewidths are
given as P-P distances. For clarity DNA bases have been omitted.
See also Figure S3 and Table S2.
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Structural Basis for CCAAT Box Recognitionbridged to the O2 carbonyl oxygen atom of Thy30 via
a water molecule. Arg273 of HapB is stabilized by
hydrogen bonds between its terminal nitrogen atoms
NH1 and NH2 and the O2 carbonyl oxygen atoms of
Thy5andCyt6 (Figures 4D, 4F, andS4). These interactions
necessitate pyrimidine bases because purines cannot
form these hydrogen bonds and would clash withStructure 20, 1757–1768Arg273. Additionally, due to steric hindrance with
Arg273, guanine in position 50 on the complementary
strand is disfavored in comparison to adenine. Beyond
theCCAATbox, Arg273NH2also contacts theN3nitrogen
of Ade7, thereby selecting for purine residues.
(4) Apart from the aS helix, the C-terminal anchor A of
HapB is engaged in direct interactions with the DNA, October 10, 2012 ª2012 Elsevier Ltd All rights reserved 1761
Figure 4. Interactions of the CBC with the DNA Backbone and the DNA Bases of the CCAAT Box
DNA nucleotides are depicted in gray and the phosphate groups in purple. Both the Watson and the Crick strand of the CCAAT box are colored in yellow. aa
residues crucial for DNA interactions are colored in blue (HapC), in red (HapE), or in green (HapB). Hydrogen bonds are indicated by dotted lines.Water molecules
being part of hydrogen bond networks are colored in red. Phe288 undergoes stacking with DNA bases.
(A) Schematic illustration of all protein-DNA contacts.
(B) Illustration of selected sequence-independent interactions of HapC and the DNA backbone within the CCAAT box.
(C) Selected contact sites of HapE and the DNA backbone.
(D) Illustration of selected sequence-specific interactions of the sensor helix aS of HapB with the CCAAT box (see also A and F).
(E) Illustration of selected sequence-specific interactions of the anchor A of HapB with the CCAAT box (see also A and G).
(F) Stereo illustration of helix aS (aa residues 273–280) of HapB bound to the CCAAT box. The electron density (blue) represents a 2Fo-Fc-omit map contoured at
1.0 s. Interactions important for the sequence specificity of the CBC are depicted.
(G) Stereo illustration of the anchor A (aa residues 281–288) of HapB bound to the CCAAT box. The electron density (blue) represents a 2Fo-Fc-omit map
contoured at 1.0 s. Contacts crucial for the affinity of the CBC to the CCAAT box are illustrated.
For groove identities see Figure S4.
Structure
Structural Basis for CCAAT Box Recognition
1762 Structure 20, 1757–1768, October 10, 2012 ª2012 Elsevier Ltd All rights reserved
Figure 5. Truncations of Helix aS and Anchor A of HapB Strongly Attenuate CBC Affinity to Its CCAAT-Binding Site
(A–C) SPR-binding analysis of CBCs containing HapB subunits spanning aa residues (A) 231–293, (B) 231–280, and (C) 231–269 to the 23 bp DNA duplex as
described in the legend in Figure 1. CBC concentrations (nM) are indicated in the panels, respectively.
(D–F) To evaluate the contribution of nonspecific CBC binding to DNA, the same set of SPR experiments was performed in the absence of nonspecific competitor
DNA. See also Figures 1 and S5.
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Structural Basis for CCAAT Box Recognitionbackbone: the guanidine group of Arg282 forms hydrogen
bonds to the sugar oxygen of Gua10 and Gua20. Further-
more, Phe288 imparts van der Waals interactions with
Cyt2 and Ade3 (Figure 4E), which are assumed to be
crucial for the overall stability of the ternary complex;
and Ala291NH, located at the C terminus of HapB, is
hydrogen bridged to the phosphate oxygen of Ade3.
Likewise, helixaSsequence-specific contacts of anchor A
are mediated exclusively via the minor groove (Figure S4):
Arg287NE is hydrogen bridged to the carbonyl oxygen of
Cyt1 via a water molecule. Furthermore, the carbonyl
oxygen atoms of Gly285 and Gly286 interact with the
amine groups of Gua10 and Gua20, respectively (Figures
4E and 4G). Because neither adenine nor any pyrimidine
base can mediate these interactions due to the lack of
amine groups, Gua10 and Gua20 are mandatory. Consis-
tently, a strong hydrogen bond between Phe288NH and
the carbonyl oxygen of Cyt2 demands pyrimidines in
this location, and the complementary position 20 prefers
purine bases due to the tight interaction of Arg282NH1
and the N3 atom of Gua20 (Figures 4G and S4).
Binding of HapB to the CCAAT box causes a very shallow and
significantly widened minor groove around the C-G (1):C-G (2)
and C-G (2):A-T (3) steps. In particular the minor groove is signif-
icantly enlarged from6.0 A˚ (P-P distance12 A˚) up to 12 A˚ (P-P
distance 19 A˚) (Table S2). Although Watson Crick base pairing is
not disrupted, base pair stacking is locally affected by CBC
binding: theC-G (2):A-T (3) step displays a rise of 4.1 A˚ and a twist
of 17.9 as well as a roll of 39.7, being indicative of a DNA kink
and a bend toward the major groove. The twist value of below
20 indicates bp unstacking due to aa side-chain intercalation,
e.g., by Phe288 into the DNA double strand. Moreover the steps
C-G (1) to A-T (7) are characterized by base shifts between 1.6Structure 20, 1757–1and 2 A˚, a base slide between 0.17 and 3 A˚, and a base tilt
between 10.4 and 4.2 A˚. Thus, the anchor A functions as
a clamp, inducing local DNA base tilting and minor groove
widening (Table S2). With respect to the domain structure of
subunit HapB and the HFM of HapC as well as HapE, the CBC
is so far a unique minor groove binder.Structure-Based Functional Analysis of CBC Mutants
TheCBC:DNA crystal structure identifies helix aS and the anchor
A of HapB as the most important DNA-interacting parts of the
CBC. Because helix aS fits into the minor groove of the DNA, it
might easily slide along the DNA, thereby acting as a sequence
sensor. If appropriate interactions of the sensor helix aS with
DNA bases are provided, the CBC will be stalled because the
anchor A inserts into the DNA double strand. Indeed, SPR
measurements confirmed these structural results and proved
that CBCs that had incorporated a truncation mutant of HapB,
lacking both the helix aS and the anchor A (aa residues 270–
293), lost their affinity for the 23 bp duplex (Figures 5C and 5F).
Remarkably, a HapB version only lacking the anchor A (aa
residues 281–293) leads to a 300 times lower affinity of the
CBC for the CCAAT box compared to full-length HapB231–293
(KD = 1.1 mM for HapB231–280 and KD = 3.3 nM for HapB231–293)
(Figures 5A, 5B, 5D, and 5E). The shortened HapB231–280 subunit
causes a reduction of the HapBCE:DNA association rate,
implying less efficient sequence recognition (Figure 1L). Thus,
the anchor A of HapB is essentially required for high-affinity
binding of the CBC to the CCAAT box. However, CBCs with
HapB231–280 display also a diminished off rate of DNA binding
(Figure 1L), suggesting that once the sensor helix aS is inserted
into the minor groove of the DNA, the complex is also stable in
the absence of the anchor A. In conclusion, the anchor A quickly
and tightly tethers the CBC to the CCAAT box.768, October 10, 2012 ª2012 Elsevier Ltd All rights reserved 1763
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Binding of the CBC to CCAAT Boxes
Multiple CCAAT boxes in the genome are separated by 24–27 bp
(Dolfini et al., 2009; Mantovani, 1999). In the here-reported
crystal structure, the conserved core CBC covers a DNA double
strand of 23 bp in length. Bearing in mind that the crystallized
CBC represents a truncated version of the CBC, spacing of
multiple CCAAT boxes by at least 24–27 bpmight be reasonable
with respect to simultaneous side-by-side binding of CBCs.
Although the outer protein-DNA contact sites are separated by
only 17 bp (Figure 4A), suggesting that fragments of 17 bp should
be sufficient for DNA binding, the CBC has only poor affinity for
DNA double strands of less than 22 bp (Figures 1I–1K). The
higher affinity for duplexes longer than 17 bp might be explained
by initial unspecific interactions of the CBC with DNA, which
might prearrange the complex and facilitate subsequent high-
affinity binding to the target sequence.
Transcriptional Regulation Mediated by the CBC
Evolutionary adaptations of the HFMs endowed HapC and HapE
with novel functions compared to histone proteins. In particular
the C-terminal aC helices of HapC and HapE enable both to
associate with the TBP (Bellorini et al., 1997; Matuoka and Yu
Chen, 1999) and therefore to act as a scaffold for the assembly
of the transcriptional preinitiation complex. Because these
helices are not engaged in DNA contacts, protein-protein inter-
actions with other transcriptional activators or repressors are
possible in the presence and absence of DNA (Mantovani,
1999). Moreover, the aC helix of HapE interacts with cell-
cycle-controlling proteins such as the proto-oncogene c-myc
(Izumi et al., 2001) and the tumor suppressor p53 (Dolfini et al.,
2012; Imbriano et al., 2005), rendering the complex essential
for eukaryotes. Besides helix aC, the aN helix of HapE imparts
contacts with transcriptional regulators. For example in
A. nidulans the aN helix of HapE has been shown to associate
with HapX, thereby controlling iron metabolism (Hortschansky
et al., 2007). Concerning HapC, the N-terminal a1 helix has
been optimized to undergo specific interactions with the aN helix
of the CBC subunit HapB, which confers sequence specificity for
the CCAAT box to the CBC (Dolfini et al., 2012).
In conclusion, the pseudo-2-fold symmetry of theCBCwith the
N-terminal helix of HapB, on the one hand, and the aN helix of
HapE located on the other, endows the CBCwith DNA sequence
specificity and forms the structural platform for the interaction
with various transcriptional regulators. Hence, the observation
that proteins, related by perfect symmetry, gained new asym-
metric structural features illustrates how evolution has enhanced
its regulatory diversity and, thus, the complexity of life.
Nucleosome-like Bending of the CCAAT Box
In eukaryotes, genomic DNA is wrapped in two turns around
octameric histone complexes, thereby forming a nucleosome
unit, in which the nucleic acid is bent by 68 (Figures 3C and 6A)
(Luger et al., 1997). Because the CBC subunits HapC and HapE
are structurally closely related to the histones H2B and H2A,
respectively, their HFMs are also capable of curving DNA double
strands (Figures 3C and 6A). The CBC asymmetrically binds the
CCAAT box and bends it in a histone-like extent, with an1764 Structure 20, 1757–1768, October 10, 2012 ª2012 Elsevier Ltdobserved angle of 73, which fits well with previous predictions
of DNA curvature by the CBC of 62–82 (Liberati et al., 1998;
Ronchi et al., 1995). Interestingly, CBC-induced DNA bending
positions the CCAAT sequence on the DNA strand, which is
located more distal from the CBC. Formation of multiprotein
complexes for transcriptional regulation, for which the CBC
constitutes a structural platform, necessitates DNA curvature
to bring the DNA-binding motifs of the individual transcription
factors into physical proximity to each other (Bewley et al.,
1998). Because the CCAAT box was proven to be flexed intrinsi-
cally (Mantovani, 1999; Ronchi et al., 1995), bending of the
CCAAT motif by the HFMs of HapC and HapE might be facili-
tated. Nonetheless, the high affinity of the CBC for the CCAAT
box probably results from their mutual adaptations during
a process of converged evolution.
Intriguingly, the CBC has been reported to interact directly
with the histone pair H3/H4, but not with H2A/H2B (Caretti
et al., 1999). Our structural data offer an explanation for these
observations (Figures 6 and S6): structural superposition of the
CBC with the nucleosome particle (PDB 1AOI; Luger et al.,
1997) reveals that interactions of the CBC with the H3/H4 pair
that is part of the first nucleosome turn are possible (Figures
6B and S6A). However, the aN helix of subunit HapB clashes
with histone H2B of the second nucleosome turn (Figures 6C
and S6B). Likewise, the aN helix of HapB hampers contacts
of the CBC with H4 of the second nucleosome turn (Figures 6D
and S6C). In conclusion, substitution of the H2A/H2B hetero-
dimer by the CBC might prevent nucleosome (octasome)
formation but might be compatible with tetrasomes. With
respect to the previously reported role of the CBC in establishing
open chromatin structures by associating with histone acetyl-
transferases and deacetylases (Coustry et al., 2001; Currie,
1998; Jin and Scotto, 1998; Narendja et al., 1999; Peng and
Jahroudi, 2003), the CBC might alter nucleosome formation
and positioning.
Specific Recognition of the CCAAT Box
Strictly conserved aa residues of both helix aS and anchor A of
HapB are engaged in CCAAT box binding, but helix aS is
required for the majority of contacts and thus exerts more
sensing function (Figure 4). Because the CBC contacts DNA
bases on both the Watson and the Crick strand (Figures 4 and
S4), the CBC exclusively binds to CCAAT boxes on DNA double
strands. Specific interactions with aa residues of HapB deter-
mine the sequence of the CCAAT box and provide an explana-
tion for the reduced or abolished affinity of the CBC to mutant
CCAAT motifs (Maity and de Crombrugghe, 1998). Furthermore,
our results agree with previous studies demonstrating that the
CCAAT sequence is protected from methylation when coordi-
nated by the CBC (Bi et al., 1997; Ronchi et al., 1995). DNA bases
flanking the CCAAT box were also reported to contribute to the
sequence specificity of the CBC (Benoist and Mathis, 1990;
Chodosh et al., 1988), and indeed, Cyt6 and Ade7 are involved
in direct protein contacts with the helix aS of HapB. However,
adjacent nucleotidesmight be predominantly required for proper
bending of the CCAAT box (Anderson andWidom, 2001; Manto-
vani, 1999; Ronchi et al., 1995; Sekinger et al., 2005). Although
the interactions between HapB and its target DNA deduced
from the complex crystal structure determine the consensusAll rights reserved
Figure 6. Structural Superposition of the CBC and the Nucleosome: A Model for Interactions
Colors are assigned according to Figure 2. Nucleosomal DNA is colored in purple; DNA bound to the CBC is colored in gray. For clarity DNA bases are not shown.
Note that (A) and (B) do not illustrate the second turn of DNA wrapped around the histone octamer.
(A) Top view of the ribbon plots of the CBC (left) and the first turn of the nucleosome (histone tetramer; right).
(B) Top view on the structural superposition of the CBC and the first turn of the nucleosome, as shown in (A): the high similarity of the CBC to the histones H2A and
H2B might allow their mutual substitution in nucleosomes and enable interactions with the histones H3 and H4 in mixed tetrasomes.
(C) Side view on the CBC superpositioned onto the nucleosome with its two turns of DNA. For clarity only subunit H2B of the second turn of the nucleosome is
depicted as ribbon. The black arrow indicates the clash of histone H2B of the second DNA turn with HapB, indicating that the CBC cannot be incorporated into
octameric nucleosomes.
(D) Side view on the CBC superpositioned onto the nucleosome with its two turns of DNA. For clarity only subunit H4 of the second turn of the nucleosome is
depicted as ribbon. The black arrow indicates the clash of histone H4 of the second DNA turn with HapB, supporting that CBC binding to histones prevents
octasome formation.
For stereo illustration see Figure S6.
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Structural Basis for CCAAT Box Recognitionsequence CCAAT(C/T)(A/G), the CBC rather recognizes an array
of closely related motifs, albeit with lower affinity.
Comparison of the CBC to Other Minor Groove Binders
Unlike most transcription factors both the anchor A and the
sensor helix aS exclusively contact the minor groove of the
DNA (Figures 4A and S4). Although minor groove binders such
as TBP (Kim et al., 1993) and the male sex-determining factor
SRY (Murphy et al., 2001) also cause a widened and shallow
minor groove, their binding mechanisms clearly differ from that
of the CBC (Figure 7). First of all, the interaction surfaces of
both TBP and SRY with their respective DNA duplexes are
much bigger (1,500 A˚2) than for HapB with DNA (1,000 A˚2).
Moreover, the TBP interacts with DNA via b sheets and predom-
inantly hydrophobic contacts, whereas the helical SRY contacts
the minor groove via both electrostatic and hydrophobic interac-
tions (Kim et al., 1993; Murphy et al., 2001). In contrast, the CBC
is tethered to the CCAAT box exclusively by hydrogen bonds,
and solely Phe288 of the anchor A imparts van der Waals
contacts with DNA bases. In the absence of DNA, the anchor A
adopts no secondary structure because its Gly-X-Gly-Gly motif,
which is conserved in eukaryotes, is highly flexible. However, in
the presence of DNA, this flexible region adheres the CBC to
double-stranded CCAAT motifs. The resulting restriction in theStructure 20, 1757–1flexibility of the anchor A is reflected in the thermodynamically
unfavorable negative entropy of CBC binding to the CCAAT
box (Figure S1), but the enthalpic energy gained by the tight
interactions of the CBC with the CCAAT box drives CBC:DNA
complex formation (Figure S1). Because negative enthalpy and
entropy values are in general associated with major groove
binders, the thermodynamics of the CBC-DNA interaction
resemble more that of a major groove targeting protein than
that of a minor groove contacting one (Privalov et al., 2007).
Taking into account that, to our knowledge, no HapB-related
DNA-binding domain is known to date, the data reported here
describe a so far unique mode of minor groove binding.
In conclusion, the structural investigation of the HapB/HapC/
HapE:DNA complex revealed the molecular basis for its specific
recognition of the CCAAT box and its function as a scaffold for
the recruitment and assembly of additional transcriptional regu-
lators. With respect to the prevalent usage of the histone fold in
DNA-associated proteins (Gangloff et al., 2001), exploiting the
structure of well-proven proteins and endowing them with new
functions appears to be a successful principle of evolution.
Moreover, the crystal structure of the CBC helps to understand
the involvement of the complex in different diseases such as
cancer and provides a starting point for establishing the CBC
as a putative drug target.768, October 10, 2012 ª2012 Elsevier Ltd All rights reserved 1765
Figure 7. The CBC Compared to Other Minor Groove Binders
Ribbon illustration of the minor groove binders CBC, the TBP (PDB 1YTB; Kim
et al., 1993), and the SRY (PDB 1J46; Murphy et al., 2001). Comparison of the
structures reveals a unique mode of DNA sequence recognition for the CBC:
the subunits HapC (blue) and HapE (red) constitute the structural framework
for the sequence-specific recognition of DNA (gray) by HapB (green).
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Crystallization and Structure Determination
CBC and CBC:DNA crystals grew from a 1:1 mixture of protein (12 mg/ml) and
reservoir solution at 20C within 7 days using the sitting drop vapor diffusion
method. Whereas for CBC crystals the reservoir solution was composed of
0.1 M Tris-HCl (pH 8.0) and 20% (w/v) polyethylenglycol (PEG) 6000,
CBC:DNA crystals grew from 0.2 M ammonium sulfate, 0.1 M HEPES
(pH 7.5), and 25% (w/v) PEG3350. PEG200 was used as a cryoprotectant at
a final concentration of 25% (v/v). Diffraction data sets were collected using
synchrotron radiation of l = 1.0 A˚ at the beamline X06SA, Swiss Light Source
(SLS), Villigen, Switzerland, and X-ray intensities were analyzed with the
program package XDS (Kabsch, 1993). Both complexes crystallized in space
group P212121 with cell parameters of a = 57.45 A˚, b = 60.70 A˚, and c = 71.99 A˚
for the CBC alone, and a = 57.04 A˚, b = 72.89 A˚, and c = 145.89 A˚ for the CBC in
complex with DNA. Calculations of the Matthews coefficient yielded a solvent
content of approximately 30% for CBC crystals and 60% for CBC:DNA
crystals, defining one trimeric and one ternary complex in the asymmetric
unit of their respective unit cells.
Crystal structure analysis was performed by Patterson search calculations
with Phaser (McCoy et al., 2007) over the complete resolution range. For the
CBC structure the coordinates of the heterodimeric HFM of the human
NF-YA/NF-YB complex served as a starting model (PDB 1N1J; Romier
et al., 2003). After refinement with REFMAC5 (Vagin et al., 2004) and model
building with the interactive three-dimensional graphic program Coot (Emsley
et al., 2010), Rwork and Rfree free values of 17.9% and 20.2% were obtained.
The finalized model showed good stereochemistry with respect to the Rama-
chandran plot (98.7% of residues in favored region; 1.3% of residues in
allowed region). Structure elucidation of the CBC:DNA complex was per-
formed by molecular replacement with the coordinates of the CBC. Cyclic
refinement and model building steps using REFMAC5 (Vagin et al., 2004) and
Coot (Emsley et al., 2010) yielded Rcrys and Rfree values of 15.7% and 19.0%
and satisfying stereochemistry from the Ramachandran plot (98.1% of resi-
dues in favored region; 1.9%of residues in allowed region). The electron densi-
ties proved that HapC and HapE are well defined in the CBC and CBC:DNA
structure. Whereas the C-terminal part of HapB was structurally disordered
in the absence of DNA (aa residues 259–293), it was completely defined in
the presence of DNA. aa residues were numbered according to the full-length
protein sequences from A. nidulans derived from the Uniprot database.
Protein interface areas were calculated using the online tool PISA (Protein
Interfaces, Surfaces and Assemblies service PISA at European Bioinformatics
Institute; http://www.ebi.ac.uk/pdbe/prot_int/pistart.html) (Krissinel and
Henrick, 2005). DNA parameters were calculated with the programs Curves+
(Lavery et al., 2009) and Sumr (Lavery et al., 2009) as well as web 3DNA (Zheng
et al., 2009) and visualized with Jmol (http://www.jmol.org/).1766 Structure 20, 1757–1768, October 10, 2012 ª2012 Elsevier LtdSPR Measurements
Real-time analyseswere performed on aBiacore 2000 system at 25C, and the
data were processed with the evaluation software version 4.1 (GE Healthcare).
DNA duplexes containing CCAAT box at position 611 in the 50 upstream
region of the A. nidulans cycA gene were produced by annealing complemen-
tary oligonucleotides using a 5-fold molar excess of the nonbiotinylated
oligonucleotide (Table S3). The double-stranded DNA was injected on flow
cells of a streptavidin (Sigma-Aldrich)-coated CM3 sensor chip at a flow
rate of 10 ml/min until the calculated amount of DNA that gives a maximum
CBC-binding capacity of 100 RU had been bound. CBC samples containing
25 mg/ml poly(dI-dC) were injected in running buffer (10 mM phosphate
[pH 7.4], containing 2.7 mM KCl, 137 mM NaCl, 1 mM DTT, and 0.005%
[v/v] surfactant P20). Sample injection and dissociation times were set to
300 and 600 s at a flow rate of 30 ml/min. Each injection was performed at least
twice. Regeneration was achieved with 10 mM Tris-HCl (pH 7.5), containing
0.5 M NaCl, 1 mM EDTA, and 0.005% (w/v) SDS within 1 min. Refractive index
errors due to bulk solvent effects were corrected with responses from non-
coated flow cell 1 as well as subtracting blank injections. KD values were
calculated from the kinetic rate constants for CBC:DNA complex formation
and dissociation derived from a 1:1 interaction model including a mass trans-
port term (Table S1).
ACCESSION NUMBERS
Coordinates have been deposited in the RCSB Protein Data Bank under the
entry codes 4G91 (CBC) and 4G92 (CBC:DNA).
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